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Preface 


This special issue of the Journal of Nuclear Science and Technology contains the 
contributions to the Actinides-2001 International Conference, which was held in Hayama, 
Japan, November 4-9, 2001 , at the Shonan Village Center, and jointly organized by the Japan 
Atomic Energy Research Institute and the Atomic Energy Society of Japan. 

The Actinides-2001 was the first occasion that Actinides Conference had been held in the 
East Asia and followed the tradition of Conferences in '97 (Baden-Baden, Germany), *93 
(Santa Fc, USA), '89 (Tashkent, USSR), '85 (Aix-en-Provence, France), '81 (Asilomar, 
USA). The Actinides Conference covers a broad range of basic research and application 
technology of the actinide elements and provides a forum for the discussion and 
communication. Exchange of views, ideas and new results among the scientists and engineers 
dealing with specific subjects of nuclear science and technology has been achieved during the 
Conference. 

More than 350 scientists from 23 countries participated in the Conference. The conference 
program included 1 special lecture, 3 plenary lectures, 27 invited speakers, 121 contributed 
oral papers and 194 posters. The special lecture was made by Dr. D. C. Hoffman (LBNL & 
Univ. of California, USA) who addressed the memorial talk of late Prof. Glenn T. Seaborg, 
passing away on February 25, 1999. Dr. Seaborg was famous as a Nobel Prize winner for dis- 
covering plutonium as well as a proponent of 'actinides' including plutonium, and discovered 
many radioisotopes and almost all the actinides over plutonium. Plenary speakers addressed 
project on High Intensity Proton Accelerators-S. Nagamiya (KEK & JAERI, Japan), separa- 
tion of actinides and lanthanides-V. Roraanovski (KRI, Russia),. and actinides geochemical 
database-H.Ishikawa (JNC, Japan). Noteworthy features of the Actinides-2001 were the 
strong influence of the multiple terror attack, which had happened on September 11, 2001, 
upon the attendance of participants, especially from western countries, and many contribu- 
tions from the East Asian countries such as Japan, Korea and China. 

The Conference could not have succeeded without the generous cooperation and assistance 
of many people. We wish to express our sincere appreciation to the Organizers of the 
Conference and to all the reviewers. In particular, we would like to thank the JAERI team for 
the excellent support in organizing the Conference and the extensive editorial assistance in 
publishing the Proceedings. 

We remind you that the Actinides-2005 International Conference will be held in 
Manchester, UK, 2005. We look forward with much anticipation to the next Conference. 

Keiji Naito 
Conference Chairman 
Michio Yamawaki 
Conference Editor 
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Development of Metallic Uranium Recovery Technology from Uranium Oxide 

by Li Reduction and Electrorefining 
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The purpose of the study is to develop technology for pre-treatment of oxide fuel reprocessing through pyroprocess. In the 
pre-treatment process, it is necessary to reduce actinide oxide to metallic form. This paper outlines some experimental results 
of uranium oxide reduction and recovery of refined metallic uranium in electrorefining. Both uranium oxide granules and 
pellets were used for the experiments. Uranium oxide granules was completely reduced by lithium in several hours at 650^. 
Reduced uranium pellets by about 70% provided a simulation of partial reduction for the process flow design. 

Almost all adherent residues of Li and Li 2 0 were successfully washed out with fresh LiCl salt. During electrorefining, 
metallic uranium deposited on the iron cathode as expected. The recovery efficiencies of metallic uranium from reduced 
uranium oxide granules and from pellets were about 90% and 50%, respectively. The mass balance data provided the 
technical bases of Li reduction and refining process flow for design. 

KEYWORDS: Pyroprocess, U reduction, Etectrorefiner, Metallic Fuel Cycle, Oxide Fuel, Metallic Fuel 


I . Introduction 

For application of metallic fuel cycle pyroprocess 
technology to spent oxide fuel, it is primarily necessary to 
reduce actinide oxides to metallic form. Metallic actinide 
material is processed by electro re finer. Then the refined 
actinide is processed to metallic fuel by the same 
technologies of metallic fuel cycle. Therefore, oxide spent 
fuel can be reprocessed without extensive process change. 
These reduction and electrorefiner operation is called 
"pre-treatment" in this paper. In electrorefiner, the loss of 
uranium chlorides by a reaction with various oxide 
materials such as incompletely reduced actinide oxides, 
Li 2 0, rear earth, oxides from reduction process must be 
minimized. Li reduction techniques have been historically 
discovered by ANL (Argonnne National Laboratory). 

The purpose of the study is to develop technology to 
recover the refined metallic actinides in combination with 
Li reduction and electrorefining using UQ2. Test results on 
the recovery efficiency (% of U recovered at ER/input U 
into Reduction) will be beneficial for design of process 
flow. 

II . Experimental Procedure 

All of works of reduction and electrorefining were 
conducted in the same argon gas glove box. The steps 
forwarding the experiments of granular UO2 experiment are 
described in detail below. 

(1) Materials and Basket 

Two kinds of UO2 materials were prepared tor simulated 
spent oxide fuels. One was pure U0 2 granules(50g, 106-250 
v m). Another was UO2 pellets (84>xl0mm, 56g including 
10.4mass% Gd 2 0 3 ), These materials were charged into the 


universal basket Universal means that the same basket was 
commonly used in both reduction and electrorefining. The 
structure of the basket is shown in Fig.l . 
(2) Reduction and Analysis 

A piece of metallic lithium (Li) was charged 
intermittently into LiCl molten salt (10mol,923K). The 
amount of Li was twice of necessary for reduction. The 
agitation of operation was 900rpxn. Li 2 0 concentration 
change was monitored by the analysis of salt samples. The 
chemical analysis was made by titration of the solution 
dissolving LiCl and Li 2 0, Li. At the analysis of dissolved 
Li concentration, 0.5mol% (saturation concentration in 
the salt) was assumed . 



< Tungsten mesh 

-«AISI316 mesh (#50) 

< AISI316 mesh(#325) 
* AISI316 mesh(#50) 


Fig.l Structure of basket 
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(3) Washing of Basket 

After each reduction and electrore fining, basket was 
immersed into fresh LiCi (500 g) at 923K in order to 
remove residual Li 2 0 and Li. Washing for short time was 
enough to reduce the almost Li 2 0 as shown in Fig.2. The 
measurement of the total weight change was 0.77g 
corresponding to total uranium granules dropped through 
the mesh (#325) during two washing steps. 

(4) Electrorefining 

Washed basket was charged into LiCI-KCl electrolyte of 
electrorefiner at 773 K. Operation of electrorefiner was 
conducted under constant current (0.4A/cm2) at the UC1 3 
concentration of 4 mass%. Timing of stop of operation was 
setup when the electrode potential increases rapidly. 

(5) Repetition of Reduction and Electroreflng 

After electrorefing, residue in anode basket of 
electrorefiner was washed. Washed residues (probably 
oxide) in the basket was sampled and analyzed. At the 
second reduction step, additional oxide material was 
charged into cleaned basket. Finally, Li reduction and 
electrorefing was repeated in the same way. The 
combination of reduction and electrorefing will be called 
the" cycle". 

HI. Results and Discussion 

The mass balance of all combined tests for granular U0 2 
materials is shown in Fig.3, The numbers in { } means the 
mass of samples taken for chemical analysis. At each 
combination of the data, the top number and bottom are 
chemical form (UOi , metallic U), respectively. 

l)Fist Cycle 

(1) Reduction 

For granular U0 2 , it took about 3 hours for achieving 
95 % reduction. On the other hand, for pellets reduction, it 
took 80 hours for about 70% reduction. As expectedly, the 
measured Gd 2 0 3 (representative element of rear earth FP 
oxides and burnable poison) concentration alter reduction 
was same as the concentration of before reduction. The 
appearance of pellet reduction product is shown in Fig.4. 
Some of pellets have cracks and some collapsed their 
original shape. 

(2) Electrorefining 

Electrorefining was continued up to 13. 9 AH at 1.3 5 volts. 
Before and after the electrorefing, the concentration of 
uranium was the same (3.5mass%). On the other hand, Fe 
concentration in the salt increased gradually over 10 AH. 
The weight of deposition on cathode (35g) was 
corresponding to 80% of input uranium into Li reduction 
(44gU out of 50g UO2). In this condition, the calculated 
current efficiency was 86%. The shape of recovered 
uranium is dendrite as shown in Fig.3. 

The chemical analysis of a piece of residue after washing 
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Figs. 2 Concentrations of Li aad L^O 
in liCI after washing 
(top) first step, (bottom) second step 

process indicated about 20mass% of residue was still 
metallic form. This metal residue might be stayed anode 
basket, because the electrical contact was not kept during 


2) Second Cycle 

(1) Reduction 

New UO2 granules (50g) additionally were charged into 
washed basket. Li 2 0 concentration change during reduction 
step indicates almost 97% of reduction was achieved for 1 1 
hours. Gas bullet analysis of the reduced sample 
demonstrated almost 100% was metallic form. 

(2) Electrorefining 

Electrorefining was continued up to 7 AH at 1.35volts. 
Relatively smaller AH, the rapid increasing of electrode 
potential at anode was observed. The total deposit of 
metallic uranium at cathode was 29. 5g corresponding to 
current efficiency was 76%. Chemical form of almost all 
residues (80-90%) remained at the anode basket was U0 2 . 
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Figs. 3 Mass balance of all combined teste for granular UOj 
Upper: U02, Lower: U metal, ( ) : Amount of consumption as chemical analysis 


3) Total mass balance 

As shown in Fig,3, total recovered uranium at 
electroreflner was 65g (35.2 + 29.7g) (input of uranium 88g 
into reduction steps). Up to two cycle tests, apparent 
recovery rate decreased from 80% (the first cycle) to 
57%(the second cycle). The observation of residue 
indicated that some UQz granules existed in between the 
mesh layers. These granules probably piles up during 
operation. Appropriate mesh design would improve mis 
problem. 

Total unaccounted uranium due to drop off from meshes 
at reduction step was estimated about 3%. About 15% was 
remained in the basket in the elecrore fitting. All of uranium 
unaccounted for is about 5% of total input including 
analytical samples. 

4) Potential Problem 

For minimizing the uranium materials that dropped 
through the meshes, mesh must be smaller. On the other 
hand, for increasing washing, efficiency at basket, meshes 
must not be too small. Trade-off of this kind must be 
considered in the engineering scale design in future 



Fig. 4 Redaction Product (Pellet) 


INOLOGY 


SUPPLEMENT 3, NOVEMBER 2002 


920 


BEST AVAILABLE COPY 


It is expected that UO z dropped through the mesh basket 
will be converted from oxide to uranium chloride by 
addition of oxidant such as ZrCU. Then all of residue will 
be finally recovered at the cathode in the electrorefining 
steps. 

It was demonstrated that reduction rates is distinctively 
different with the shape of UOj materials. This result also 
must be considered in relation to the method for chopping 
the spent fuels. 

There are several trade-off relationships in the process 
optimization. The best way to solve these potential 
problems is to conduct large-scale experiment using various 
forms of uranium oxides. For improving reduction rate at Li 
deduction step and recovery rate at electrorefiner, the basket 
design is one of the key issues. 

IV. Conclusion 

The reduction and electrorerining were repeatedly 
conducted. Total mass balance data were accumulated. The 
Important findings are as follows: 

(1) Reduction 

Granular UCM 106-250 um) was reduced completely for 
11 hours in LiCl molten salt. On the other hand, 
reduction rate of pellet ( 8mm <£x 10mm) was slower. 

(2) Washing treatment of basket demonstrated that almost 
all LhO and Li are able to remove. Uranium chloride 
concentration at electrorefiner was not affected by the 
introduction of cleaned basket 

(3) The electrorerining performance was better in granular 
VO2 than that of pellet This difference was considered to 
be the difference of electrical contact 

(4) Total mass balance showed recovery efficiency of 80% 
for the first and 76% for the second elec^refining, 
respectively. 

(5) The potential problems for deciding the process flow 
were discussed and concluded that the key issue is basket 
design. 
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DEVELOPMENT OF PLUTONIUM RECOVERY PROCESS 
BY MOLTEN SALT ELECTROREFINING WITH LIQUID CADMIUM CATHODE 


Masatoshi Iizuka, Koich Uozumi, Tadashi Inoue 

Central Research Institute of Electric Power Industry 
2-11-1, Iwado-kita, Komae, Tokyo 201-851 1, Japan 

Takashi Iwai, Osamu Shirai, Yasuo Arai 

Japan Atomic Energy Research Institute 
Oarai, Higashi-Ibaraki, Ibaraki 31 1-1394, Japan 

Abstract 

The effects of electrochemical conditions on the behaviour of plutonium and adequate conditions for 
recovery at liquid cadmium cathode (LCC) used in pyrometallugical reprocessing were studied with 
small, not stirred electrodes. Cathodic current density adequate for plutonium collection at LCC was 
considered to be controlled by diffusion plutonium ion in molten salt and proportional to its 
concentration. It was shown that plutonium collected at the LCC beyond saturation formed 
intermetallic compound PuCd 6 and accumulated at the bottom of the LCC. This behaviour of 
coexisting americium was reasonably explained by the local equilibrium model between plutonium 
and americium at the surface of the LCC. The plutonium collection rate in practical electrorefining 
equipment estimated by extrapolation of experimental results was satisfactorily high in designing 
practical equipment and process. 
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1. Introduction 

Metallic fuel cycle which consists of a metal (U-Zr or U-Pu-Zr) fuelled fast reactor and 
pyrometallurgical reprocessing has been proposed originally by Argonne National Laboratory (ANL) 
as an innovative nuclear fuel cycle technology [1]. The metallic fuel cycle has an excellent safety 
potential aspect originating from high thermal conductivity of the metal fuel [2]. It also has economic 
advantage because a pyrometallurgical reprocessing plant is estimated to be smaller than conventional 
aqueous reprocessing plants due to fewer steps and smaller equipments [3]. 

The main step in the pyrometallurgical process is molten salt electrorefining [4], where the 
actinide elements are recovered and decontaminated from the fission products. Figure 1 shows a 
schematic flow of the normal operation of this electrorefining step. The spent fuel is cut into small 
pieces, loaded in a steel basket, and immersed into molten chloride electrolyte. Almost all of the 
actinide elements in the spent fuel are anodically dissolved. Noble metal fission products are left in 
the anode basket by controlling the anode potential. Chemically active fission products such as alkali, 
alkaline earth, and rare earth metals exchange with the actinide chlorides in the electrolyte and 
accumulate in the molten salt in the form of their chlorides. Two kinds of cathodes are used to obtain 
different streams of products. One is a solid cathode made of iron and the other is a liquid cadmium 
cathode (LCC). At the solid cathode, uranium is selectively collected because the free energy change 
of chloride formation for uranium is negatively less than those of the other actinide elements. On the 
other hand, free energy changes of the actinide elements are close to each other at LCC because the 
transuranium elements (plutonium, neptunium, arnericium and curium) are stabilised in the LCC due 
to their very low activity coefficients in liquid cadmium [5,6]. Therefore, transuranium elements can 
be collected at LCC together with uranium. 


The use of LCC is the most important technology in the pyrometallurgical process, where 
plutonium is recovered, roughly separated from uranium, and decontaminated from fission products. 
Because performance of LCC significantly influences the feasibility of the pyrometallurgical 
reprocessing, ANL studied plutonium recovery with LCC in depth with laboratory scale equipment 
[7-10], Central Research Institute of Electric Power Industry (CRIEPI) has also reported on the LCCs, 
especially focusing on the formation of dendritic uranium deposit [11,12]. In those studies, it was 
shown that stirring in cathode cadmium with vertical paddles is effective to restrain growth of the 


Figure 1 . Schematic flow of routine operation of the electrorefining step 



electrorefiner vessel 
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uranium dendrite and that uranium can be collected into LCCs at a cathodic current density of 
0.2 A/cm 2 up to about 10 wt% in the cathode without dendrite formation [12]. In addition to the 
uranium studies, we have launched a joint research program with Japan Atomic Energy Research 
Institute (JAERI) on pyrometallurgical processes for the actinide elements. In 1999, a plutonium 
electrorefining apparatus equipped with a LCC assembly was fabricated and installed in a glove box. 
In this study, fundamental plutonium electrotransport experiments were carried out in order to 
understand the effects of electrochemical conditions on the behaviour of plutonium at LCC preceding 
investigation of engineering factors like stirring method. 

2. Experiment 
2.1 Apparatus 

All the experiments were carried out in a high purity argon atmosphere glove box. Both oxygen 
and moisture levels in the atmosphere were kept less than two ppm during the tests. Figure 2 is a 
schematic view of the experimental apparatus. Inner diameter and depth of the container for molten 
salt were 124 mm and 120 mm, respectively. The amount of lithium chloride-potassium chloride 
(LiCl-KCl) eutectic mixture loaded in this container was about 1 200 grams. Under the molten salt 
electrolyte, a liquid cadmium layer was placed and used as an anode which supplied plutonium in 
electrotransport experiments. The amount of the anode cadmium was about 1 400 grams. The salt and 
anode cadmium were heated with an electric furnace and the temperature of the system was kept to 
773 ± IK. 

Figure 2. Schematic view of experimental apparatus 


stirrer 
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The electrorefining apparatus and the cathode assembly were originally designed to accommodate a 
LCC of 50 mm outer diameter, which would be stirred to facilitate the mass transfer of plutonium. In 
this study, however, much smaller cathodes were used because the study aimed to understand the effects 
of fundamental electrochemical conditions on the behaviour of plutonium at LCC proceeding to 
investigate engineering factors like stirring method. The size of the cathode crucible used in this study 
was 9 mm in diameter and 16 mm in depth. About 3 to 5 grams of cadmium was loaded in the crucible. 
A silver-silver chloride (1 wt% AgCl in LiCl-KCl) reference electrode contained in a thin Pyrex glass 
tube was used as a reference electrode. 

2.2 Chemicals 

The chlorides (LiCl-KCl, CdCl 2 and AgCl) were purchased from Anderson Physical Laboratory. 
Because their purity was no less than 99.99% and their moisture content was extremely low, they 
were used with no additional purification procedure. Cadmium metal of more than 99.9999% purity 
for the anode and the cathode was purchased from Rare Metallic Corporation. Because the cadmium 
had been packed under vacuum just after production to avoid oxidation by the air, it was not washed 
or polished before use. Pu0 2 used in this study contained about 2% of americium which was 
generated by (n, y) reaction of Pu 239 and |3-decay. 

PuCl 3 was prepared in the following two steps, (a) carbothermic reduction of Pu0 2 to produce 
PuN [13], and (b) exchange reaction between PuN and cadmium chloride (CdC12) in LiCl-KCl. Pu in 
the liquid cadmium anode layer was prepared by reduction of PuCl 3 by addition of Cd-Li alloy. After 
these procedures were completed, concentrations of plutonium in the molten salt and in the liquid 
cadmium anode were 2.28 wt% and 1.72 wt%, respectively. 

2.5 Analytical procedures 

EG&G Princeton Applied Research potentio/galvanostat Model 273A and EG&G 270/250 
Research Electrochemistry Software were used for both electrochemical measurement and constant- 
current electrotransport. The concentrations of plutonium and cadmium in the molten salt were 
determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) of the samples. 
Cathode products were analysed by scanning electron microscope (SEM) and electron probe 
microanalyser (EPMA). An X-ray diffract meter (XRD) was also used to determine the chemical 
form of the cathode deposit. 

3. Results and discussion 

In order to understand the relationship between the behaviour of plutonium at LCC and its 
reduction rate, electrotransport experiments were carried out at various cathodic current densities. 
Major results are summarised in Table 1 with experimental conditions. 
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5. / Time course of LCC potential and plutonium recovery efficiency 

Changes of LCC potential in the electro transport tests at plutonium concentration of about 2 wt% 
in the molten salt are shown in Figure 3. At cathodic current density of 33 to 41 mA/cm 2 , cathode 
potential was kept between -1.4 V and -1.55 V after a slight shift to the lower direction at the 
beginning. In this range of the potential, reduction of plutonium followed by dissolution to liquid 
cadmium or formation of an intermetallic compound is expected to occur from the result of the CV 
measurement [14]. The moderate change of the cathode potential indicated that plutonium was 
smoothly collected in the LCC without abrupt growth of solid phase at the interface. Collection 
efficiencies for plutonium calculated from increase of cathode weight and electric charge passed 
between the electrodes were nearly 100% in these conditions. This result supports the above 
consideration. Figure 4 is a photograph of the cathode cadmium ingot taken out of the crucible in 
Run 2 where plutonium was collected up to 7.75 wt% in cadmium at cathodic current density of 
41 mA/cm 2 . Although there was a little inequality on the surface of the LCC, no growth of dendritic 
deposit was found. 

Figure 3. Change of LCC potential in Pu electro-transport tests 
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Figure 4. Cathode Cd ingot obtained after Pu electro-transport test 
at cathodic current density of 41 mA/cm 2 
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Cathode potential went down to -1.65 V at cathodic current density of 50 mA/crn 2 . The solidified 
salt on the top of the cathode cadmium in Run 3 was white although the bulk salt containing about 
2 wt% of plutonium is usually light blue in colour. Collection efficiency for plutonium was about 
80%, a little lower than in the preceding case. These results indicate that lithium in the electrolyte was 
reduced at the LCC at -1.6 V and that the reduced lithium reacted with plutonium tri-chloride near the 
cathode after the electrotransport. Although lithium forms a very stable chloride which has more than 
0.6 V lower standard potential than that of plutonium at an inert electrode, its metal is stabilised in 
liquid cadmium due to the very low activity coefficient [15]. Figure 5 shows a CV measured for blank 
LiCl-KCl with a liquid cadmium electrode. It can be seen that reduction current for lithium increases 
from about -1.6 V, suggesting the validity of the above consideration. 

Figure 5. Cyclic voltammogram for blank LiCl-KCl with liquid cadmium electrode 
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When cathodic current density was increased to 66 mA/cm 2 , cathode potential descended to 
-1.7 V at first and subsequently ascended in two steps. After the experiment, the cathode was visually 
inspected. The lower part of the alumina insulator sheath of the electric lead for the LCC had turned 
black and a deposit with metallic gloss was found on that region. XRD analysis showed that the major 
portion of this deposit was PuCd 6 . At such low potential and higher cathodic current density, it is 
expected that the reduction rate and the LCC surface concentration of lithium were increased and that 
the lithium reacted with the alumina sheath. It is very likely that the alumina sheath was wetted much 
more easily with liquid cadmium due to the reaction with lithium. This is considered the reason why 
the alumina sheath worked as a thin LCC and PuCd 6 was deposited there. The very low collection 
efficiency for plutonium (25%) in Run 3 should be due to the PuCd 6 formation out of the LCC. 
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3.2 Plutonium concentration dependence of optimum cathodic current density 

Electrotransport experiments were carried out at higher plutonium concentration in molten salt in 
order to investigate the effect of plutonium concentration on the reduction behavior of plutonium at 
LCC. The concentration of plutonium in the molten salt was adjusted to 4.6 wt% by the procedure 
described above. The results were compared with those at lower concentrations in Figure 6(a) to (c). 
In Figure 6(a) and (b), it is clear that the overall trends of the charts at approximately same ratio 
between plutonium concentration in the molten salt and cathodic current density can be closely 
correlated. It indicates that cathodic current density at which plutonium can be smoothly collected 
into LCC is proportional to the plutonium concentration in molten salt at least in the range of this 
study. A distinct difference was found in two charts in Figure 6(c). In Run 3, cathode potential went 
down to -1 .65 V and lithium in the solvent was considered to be reduced. In Run 7, on the other hand, 
cathode potential was kept higher than -1.55 V at which it was expected that plutonium was 
selectively reduced at the LCC. As mentioned above, the ratio between cathodic current density and 
the plutonium concentration in molten salt was a little higher in Run 3 (24 mA/cm 2 -wt%-Pu) 
compared to Run 7 (22 mA/cm 2 -wt%-Pu). It is thought that a limitation in the mass transfer rate of 
plutonium by diffusion in molten salt in a not stirred system lies between those conditions. 
Conversely, selective and smooth plutonium reduction at the LCC would be expected at a cathodic 
current density proportional to the concentration of plutonium in molten salt at a ratio of 
22 mA/cm 2 'Wt%-Pu at least. 

Throughout the plutonium electrotransport experiments with LCCs in this study, the highest 
cathodic current density at which plutonium was recovered selectively and stably was 100 mA/cm 2 at 
plutonium concentration of 4.6 wt% in the molten salt. 
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Figure 6. Change of LCC potential in electrotransport tests 
(effect of cathodic current density and Pu concentration in molten salt) 
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3.4 Behaviour of plutonium and americium in LCC 

The LCC ingot recovered after the electrotransport was analysed in order to evaluate the 
behaviour and distribution of plutonium in the cathode. Figure 7 is a SEM image of the intersection of 
the LCC ingot obtained in Run 2, where plutonium was collected into the cathode up to 7.75 wt% at 
cathodic current density of 41 mA/cm 2 . There is a layer near the bottom of the LCC containing a 
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crystallized phase in high density. Figure 8 is a characteristic X-ray image of plutonium of this layer. 
It is clearly shown that the crystallised phase in this region contains a high concentration of 
plutonium and that only a small amount of plutonium exists in the bulk. The plutonium-rich phase 
was identified to be PuCd 6 by quantitative EPMA analysis. 

Figure 7. SEM image of the LCC ingot shown in Figure 4 (near the bottom) 



Figure 8. Characteristic X-ray image of Pu at bottom region of LCC ingot 



From these results, it seems most likely that plutonium reduced at the LCC beyond its solubility 
limit in liquid cadmium instantly forms PuCd 6 at the surface of the LCC and settled down to the 
bottom of the cathode. It is still possible, however, that the segregation of PuCd 6 was caused by 
vertical temperature gradient in the LCC, because it was cooled very slowly after the experiments. 
Further tests are needed to elucidate the mechanism of PuCd 6 accumulation at the bottom of the LCC. 
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Figure 9. Relation between Pu concentration in LCCs and y-ray from cathode ingots 
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The exposure dose rate of y-ray from Am 241 in the LCC ingots was plotted in Figure 9 versus the 
concentration of plutonium collected in the cathodes. The dose rate was measured for both top and 
bottom of the ingots by a GM survey meter placed outside of the glove box at a distance of about 
2 mm from the ingots. These plots have a distinctive tendency. At low concentrations of plutonium in 
the LCCs, the dose rate at either top or bottom of the ingots increased according as the 
electrotransport proceeded. When the concentration of plutonium in the LCCs reached its solubility 
limit, however, the increase of the dose rate simultaneously stopped. In our previous LCC study with 
uranium and lanthanide elements, similar behaviour was observed [16]. While the concentration of 
uranium in the LCC increased linearly to the electricity, deposition of gadolinium and neodymium 
stopped before uranium saturation and their concentrations remained almost constant. Such behaviour 
of americium and lanthanides can be explained by the following consideration based on a local 
equilibrium model. Assume that electrode reactions of plutonium and americium at the LCC are 
reversible, that is, a local equilibrium relationship between the two elements at the cathode 
cadmium/molten salt interface described in equation in Figure 10 is established at every moment. 
Activity of plutonium in the LCC increases with its concentration before it reaches solubility limit. 
After saturation, plutonium forms intermetallic compound PuCd 6 . Because PuCd 6 is solid at 773 K, 
the activity of plutonium in the LCC does not change although a larger amount of plutonium may be 
collected beyond its solubility limit. Under this condition, deposition of americium would be 
restrained so that the local equilibrium would be maintained. 
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Figure 10. Concept of Pu activity change in liquid cadmium and 
local equilibrium at the surface of LCC 



a(AfflCl3 saJt/Cd) _ a(PuCl3 saJt/Cd) 
a (Am Cd/salt) a(Pu Cd/salt) 

where 

a() represents activity of each species 
at the molten salt/LCC interface, and 

AmCl3 sait/cd : AmCl3 in molten salt 

Am cd/salt : Am in LCC 

PuCl3 sait/cd : PuCl3 in molten salt 

Pu Cd/salt : Pu in LCC 

K : equilibrium constant 


5.5 Expectation of plutonium recovery rate at a practical electrorefiner 

From the results of the electrotransport experiments with LCCs, it was found that lithium was 
reduced after exhaustion of plutonium in the salt at higher cathodic current densities, and that 
cathodic current density adequate for smooth plutonium collection is proportional to its concentration 
in the molten salt at least in the range of this study. Therefore, it is reasonable to assume that 
plutonium reduction current at the LCC is controlled by diffusion of plutonium ion and is 
proportional to its concentration in the molten salt. It is also proper to assume that plutonium 
reduction current is proportional to the surface area of the LCC, although this relationship should be 
significantly influenced by the geometric design of the electrorefining equipment. 

Based on the above consideration, plutonium collection rate at LCC in practical electrorefining 
equipment was estimated as follows. The sum of the concentrations of all actinides in the molten salt 
is planned to be adjusted to 2 mol% (about 8 wt%) in the practical operation of electrorefining step 
[16]. In LCC operation, the plutonium / uranium ratio in molten salt will be set considerably high in 
order to avoid formation of uranium dendrite. This ratio was assumed to be 7/1 in this calculation. 
Cathodic current density adequate for smooth plutonium collection was assumed to be proportional to 
the concentration of plutonium in molten salt at a ratio of 20 mA/cm 2 wt%-Pu based on the 
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consideration described in the preceding section. The inner diameter of a practical scale LCC was 
supposed to be 30 cm. Consequently, reduction current for plutonium at one LCC was evaluated as: 

0.02 (A/cm 2 -wt%) * 7 (wt%) * 15 2 rc(cm 2 ) = 99.0 (A) 

This is equivalent to a collection rate of 294 grams of plutonium per hour. This performance is 
considered high enough in designing a practical electrorefiner and pyrometallurgical process. 

4. Conclusion 

Plutonium was smoothly collected into a LCC even without cathode stirring. At plutonium 
concentration of 2.11 wt% in molten LiCl-KCl and cathodic current density of 41 mA/cm 2 , the 
collection efficiency of plutonium was nearly 100% and maximum plutonium loading into the LCC 
was 7.75 wt%. At higher cathodic current densities, lithium and plutonium metals were generated at 
the surface of the LCC and reacted with ceramic LCC parts. Collection efficiency was decreased due 
to these reactions. 

Cathodic current density adequate for smooth plutonium collection was proportional to its 
concentration in molten salt at a ratio of about 20 mA/cm 2 * wt%-Pu at least in the range of this study. 
At plutonium concentration of 4.6 wt% in molten salt, cathodic current density of 100 mA/cm 2 was 
attained without any trouble such as solid deposit growth or descent of cathode potential indicating 
reduction of lithium. 

It was considered that plutonium collected into the LCC after saturation formed intermetallic 
compound PuCd 6 and accumulated at the bottom of the LCC based on EPMA analysis of the LCC 
ingot. It is still possible, however, that segregation of PuCd 6 was caused by a vertical temperature 
gradient in the LCC in the course of the slow cooling process. 

Increase of y-ray count from Am 241 in the LCC ingots stopped coincident with saturation with 
plutonium. This behaviour was reasonably explained with the local equilibrium model between 
plutonium and americium at the surface of the LCC. 

Plutonium collection rate in practical electrorefining equipment was estimated to be 294 grams 
per hour for one LCC based on the assumption that the collection rate is proportional to the plutonium 
concentration in the molten salt and the surface area of the LCC. This performance is considered 
sufficient in designing a practical electrorefiner and pyrometallurgical process. 
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